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Passivation of Surfaces within Aluminum Etch Tunnels 
Bruce J. Wiersma,* Yongsug Tak,* and Kurt R. Hebert** 
Department ofChemical Engineering, Iowa State University, Ames, Iowa 50011 
ABSTRACT 
Transient events accompanying passivation ofactive surfaces in aluminum etch tunnels are investigated. Passivation 
is induced by pulsed reductions f the anodic etching current, of several milliseconds duration. Scanning electron micros- 
copy is used to measure the area passivated. Potential transients are analyzed to identify a possible potential driving force 
for passivation. For the experimental conditions of this work, at 0.13 ms after the current step, there is a temporary reduc- 
tion in the metal dissolution current in tunnels. The change in dissolution current is proportional to the cathodic surface 
overpotential, relative to the critical repassivation potential. The transient reduction n dissolution current is associated 
with passivation, since no variation in dissolution current with potential is observed uring steady tunnel growth. Surface 
changes resulting in permanent passivation occur later, at times between 3 and 12 ms after the current s ep. 
The growth of corrosion pits is arrested by coverage of 
the active pit surface with a passive oxide film. The passi- 
vation reaction thus determines the stability ofpit growth; 
passivation of active surfaces in localized corrosion is also 
an important consideration in the propagation of stress 
corrosion cracks. Phenomenologically, pits stop growing 
when the electrode potential is brought below a critical 
repassivation, or protection potential. The existence of a 
critical repassivation potential is a general observation for 
pitting of passive metals; on the other hand, there is dis- 
agreement on the fundamental mechanism of passivation 
of pit surfaces (1, 2). Various models explaining conditions 
for pit stability have been proposed which include: critical 
acidification of the solution in the pit (3-5), precipitated 
metal salt films on the corroding pit surface (6), and ad- 
sorption of anions on the corroding surface (7-8). Accord- 
ing to the latter model, adsorption takes place only above a 
critical potential, which is the repassivation potential. Ex- 
planations of the repassivation potential according to the 
other models are less direct. 
The present work examines passivation of surfaces 
within aluminum etch tunnels. At temperatures above 
60~ a high density of these microscopic etch tunnels are 
formed during application of anodic current to high-purity 
A1 in aqueous chloride solutions. Tunnels are about 1 ~m 
wide and can grow to lengths of 100 ~tm. The tunnels pene- 
trate the metal following the <100> crystallographic direc- 
tions. A1 foil etched using this process erves as electrodes 
for electrolytic apacitors. Descriptions of tunnel growth 
phenomena are given in Ref. (9, 10). The tunnel sidewalls 
are passive during growth, while at the same time the tip of 
the tunnel actively corrodes. 
Mathematical models of transport phenomena during 
tunnel growth were used by Hebert and Alkire (11) in 
order to determine the conditions in solution at the tunnel 
tip, where passivated and actively corroding aluminum 
surfaces coexist. These calculations indicated that, during 
* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
steady tunnel growth, the potential at the tip remains close 
to the critical repassivation potential. It was suggested that 
deviations of the potential at the metal surface from the 
repassivation potential control passivation. The present 
work is an investigation of the kinetics of development of 
passive surfaces within aluminum etch tunnels. If Hebert 
and Alkire's suggested mechanism is correct, there would 
be a correlation between the rate of passivation and ca- 
thodic overpotential relative to the repassivation potential. 
Rapid passivation is induced through pulsed reductions 
of the anodic applied current etching. Alwitt et al. (9) ob- 
served evidence of rapid passivation i  tunnels after step 
decreases in the applied current during etching. The cur- 
rent steps caused abrupt constrictions inthe widths of tun- 
nels; part of the active tunnel tip area repassivated, while 
the remaining active surface continued to dissolve. Cur- 
rent pulses rather than steps are used in the present work 
to induce passivation. The current is stepped to a lower 
value during etching and held there for a time of several 
ms before being stepped back to the original current. The 
pulse time controls the amount of area passivated. After 
the experiment, the constrictions in tunnel width, caused 
by partial passivation of the tip surface, were measured 
using scanning electron microscopy. The transient prog- 
ress of passivation is inferred through measurement of the 
area of the passivated surface, as a function of the pulse 
time. Potential transients are interpreted to identify the 
potential driving force for passivation. 
Experimental 
One lot of high-cubicity aluminum foil (99.99% purity, 
Toyo) was used in all experiments. The high-cubicity char- 
acteristic refers to ahigh proportion of surface grains hav- 
ing (100) faces exposed. Etch tunnels were the dominant 
corrosion structures. Solutions used for etching and pre- 
treatment baths were prepared using reagent grade chem- 
icals. 
A glass holder for the A1 foil was used in etching experi- 
ments, which allowed 5.07 cm 2 of A1 surface to contact the 
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Fig. 1. Tunnels farmed in etching experiments with current pulses superimposed on applied current. Temperature 65~ etchant 1N HCI, base 
applied current density 60 mA/cm 2, three successive pulses with 70% reduction of applied current, interval between pulses l . (a, left) Pulse time 
4 ms, (b, right) pulse time 12 ms. 
etching solution. The counterelectrode was a Pt wire bent 
into a semicircle and fixed on the holder. The reference 
electrode (Ag/AgC1/4M KC1, Fisher) was placed behind the 
glass holder during experiments; in this position, the 
measured value of the potential was insensitive to the 
exact location of the reference lectrode. The etchant bath 
was agitated with a magnetic stirring bar during experi- 
ments. There was no preferential concentration of pits on 
any part of the electrode surface. 
Two pretreatments were used for the A1 foils: (i) 5 min 
immersion in 1N HC1 solution at room temperature, and 
(ii) 20 rain immersion in 1N NaOH solution at room tem- 
perature, followed by washing with water, and then a 1-2h 
drying period before etching. The effect of the pretreat- 
ment on passivation in tunnels is discussed below. After 
pretreatment, the foils were mounted in the holder, and 
immersed in the etchant solution. The applied current was 
initiated immediately upon immersion. A potentiostat/gal- 
vanostat (PAR 273) was used to supply the applied current 
during etching. A personal computer (Zenith 158) and 
RS232C interface were employed to execute the etching 
experiments. Rapid potential, transients were measured 
using a high-resolution digitizer (Keithley 194A). AC mod- 
ulation of the applied current for current cycling experi- 
ments was carried out using a pulse generator (Datapulse 
106A) whose output was sent to the potentiostat/galvano- 
stat. When polarization was complete, the foils were re- 
moved immediately from the etchant bath and rinsed with 
water. 
The morphology of etch tunnels was studied using a 
scanning electron microscope (JEOL-JSM 840). In order to 
observe the three-dimensional structures of tunnels, oxide 
replicas of the etched surfaces were formed (12). Oxide 
replicas were sputter coated with gold prior to electron mi- 
croscopic examination. The weight loss from foils during 
etching was determined using an electronic balance (Met- 
tler AE163). 
Tunnel growth rates were determined using the 
superimposed ac technique (13), in 1N HC1 solution at 
65~ The growth velocity was 2.1 ~m/s. The metal dissolu- 
tion current density equivalent to this growth velocity is 
6.1 AJcm ~. For the results in Fig. 2, a different lot of foil was 
used for which the tunnel growth rate was 1.8 ~m/s under 
the same conditions. However, the shapes and surface dis- 
tribution of tunnels were similar for the two lots of foil. 
Results and Discussion 
Tunnel moTphology in current pulse experiments.--Fig- 
ure 1 shows details of oxide replicas of the tunnel struc- 
tures produced in two etching experiments in which 4 and 
12 ms current pulses were superimposed on the etching 
current. To assist in the identification of constrictions in 
width produced by the pulses, three successive current 
pulses were applied at an interval of about is. Figure 1 
shows that the current steps induce a sudden reduction in 
the tunnel tip area, caused by passivation. The remaining 
unpassivated surface of the tunnel continues to corrode 
after the current step. After the constrictions, expansion of 
the tunnel width and shifting of its axis are sometimes ob- 
served. However, these events occur afte the times of in- 
terest in the present work, and will not be considered here. 
It can be seen that the 12 ms pulse induced larger constric- 
tions than did the 4 ms pulse. At constrictions, the relative 
positions of the passivated surface and the emergent tun- 
nel were variable. When measuring the area of the flat 
passivated surface at a constriction, samples were rotated 
in the SEM to view all sides of the tunnel. 
When the A1 had been pretreated by a 5 min immersion 
in 1N HC1 solution at room temperature, no constrictions 
in tunnel width were observed after current step experi- 
ments. Apparently the current reduction caused some tun- 
nels to completely passivate while others experienced no 
passivation. On the other hand, when the NaOH pretreat- 
ment was used, constrictions were observed, similar to 
those shown in Fig. 1, in both current step and current 
pulse experiments. The NaOH pretreatment was used for 
all experiments reported in the present work. 
The effect of pretreatment onthe appearance of constric- 
tions may be related to the difference in tunnel ength dis- 
tributions between the two pretreatments. Figure 2 shows 
that the tunnels produced after the NaOH pretreatment in 
constant current experiments are all of relatively uniform 
length. On the other hand, a wide distribution of tunnel 
o 
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Fig. 2. Tunnel length distribution for constant current experiment. 
IN HCI, 10s etch time, 65~ (NaOH pretreatment). 
  ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.186.176.91Downloaded on 2014-02-10 to IP 
J. Electrochem. Soc., Vol. 138, No. 2, February 1991 9 The Electrochemical Society, Inc. 373 
lengths, similar to that reported by Beck et al. (14), is pres- 
ent when the HC1 pretreatment is used before constant 
current experiments. The dependence of the length distri- 
bution on pretreatment may be caused by changes in the 
surface oxide film due to pretreatment, which influence pit 
nucleation. 
Transport considerations can be used to explain the in- 
fluence of the tunnel ength distribution, as determined by 
the pretreatment, onuniformity of passivation. The tunnel 
transport model in Ref. (11) indicates that both the ohmic 
and concentration overpotentials relative to the repassi- 
vation potential increase with increasing tunnel length. 
The calculations in Ref. (11) further showed that during 
steady tunnel growth, the ohmic and concentration over- 
potentials nearly cancel, so that the tip surfaces of all tun- 
nels, independent oftheir lengths, are maintained near the 
repassivation potential. However, after the step reduction 
in current, the ohmic overpotential in the tunnel is re- 
duced abruptly, but the concentration overpotential d- 
justs to the lower current only after a period of transient 
diffusion. During this period, if there is a distribution of 
tunnel engths (and a corresponding distribution of ohmic 
overpotentials), the tip surfaces of tunnels are at different 
potentials relative to the repassivation potential. Therefore 
nonuniform passivation i  this case is Consistent with the 
concept of control of passivation by a critical potential. 
The results of a number of current pulse experiments are 
shown in Fig. 3. In all experiments, the current was re- 
duced to 30% of its original value. The area of the flat passi- 
vated surface at the constriction was measured from oxide 
replicas of etched surfaces, such as those shown in Fig. 1. 
The passivated area is given in Fig. 3 as a fraction of the 
tunnel tip area before the constriction (about 4 ~m2). The 
fractional area is plotted vs. the pulse time. The data show 
a clear trend of increasing passivation with increasing 
pulse time, which demonstrates the reproducibility of the 
tunnel width constrictions. When the current is reduced, 
surface changes take place which result in increasing pas- 
sivation with increasing time at the low current. The 
points at the right of the figure represent current step ex- 
periments. The passivated areas for a pulse time of 12 ms 
are about the same as those in step experiments. There- 
fore, 12 ms at the low current is the time for the surface 
changes resulting in the observed passivation in step ex- 
periments. Figure 3 shows that pulses of 3 ms or less re- 
sulted in no passivation. 
It is noted that a maximum of only 40% of the tip area is 
passivated by the current reduction, but the current was 
reduced by 70% of its initial value. After the current step 
experiments, a number of tunnels were present which did 
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Fig. 3. Areas of passivated surfaces on tunnel tips, formed in current 
pulse experiments. Passivated areas are expressed as fractions of the 
original tip area before the pulse (about 4 t~m2). Temperature 65~ 
etchant 1N HCI, base applied current density 60 mA/cm 2, pulses with 
70% reduction of applied current. Points at the right of the figure are 
for step reductions in the etching current, and otherwise the same ex- 
perimental conditions. 
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Fig. 4. Potential transients after step reduction in applied current, a, 
Temperature 65~ etchant IN HCI, 70% reduction on base applied 
current density of 60 mA/cm 2, step time 5s. b, Same except 40% reduc- 
tion of base applied current of 12.9 mA/cm 2, step time 50 ms. Origin of 
time scale is arbitrary. Reference electrode Ag/AgCI/4M KCI. 
not have cqnstrictions, but were significantly shorter than 
the tunnels with constrictions. Apparently, the current re- 
duction resulted in complete passivation of some tunnels, 
but only partial passivation of others. The reproducibility 
of the constrictions shown in Fig. 3 indicates the fraction 
of tunnels which passivated completely is also repro- 
ducible. 
Potent ia l  t rans ients . - -A  potential transient for current 
step reduction experiments i shown in Fig. 4 for the ex- 
perimental conditions of Fig. 3. Nomenclature to be used 
below is defined in the figure. Also, a potential transient 
for a current step at 50 ms etch time is shown. At 50 ms, no 
tunnels are present, but only cubic etch pits about 
0.1-1 ~m in depth (15). The repassivation potential of alu- 
minum was measured for the conditions in Fig. 3, by 
extrapolating to zero current he cathodic scan of a cyclic 
current-potential curve (potential scan rate 5 mV/s), meas- 
ured in the potential region in which pitting occurs. The 
repassivation potential obtained in this manner was 
-0.75V, which is cathodic to the steady-state potentials in 
Fig. 4. 
Figure 5 shows the early portion of the potential tran- 
sient following a step current reduction, for an experiment 
with the same conditions as that in Fig. 4a. The potential 
reaches a minimum at a time of 0.13 ms after the current 
step. The capacitive current on the A1 surface is propor- 
tional to the time derivative of the potential; therefore, at 
nco  
u3 
t 0 
F 
Time (ms) 
Fig. 5. Early portion of potential transient after step reduction in ap- 
plied current. Temperature 65~ etchant 1N HCI, 70% reduction on 
base applied current density of 60 rnA/cm 2, step time 5s. Reference 
electrode Ag/AgCI/4M KCI. Origin of time scale is arbitrary. 
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Fig. 6. Scanning electron micrographs of oxide replicas of etched surfaces (50 ~ stage tilt). 1N HCI, 65~ electrode area 5.07 cm 2. (a, left) Etch 
time 30s at constant applied current, 0.2A. (b, right) 2s period at constant current 0.2A, followed by repetitive cycling for 18s (a single cycle is 2 ms 
at 0.2A and 2 ms at 0.060A). 
the time of the potential minimum, the capacitive current 
is zero, so the faradaic current in tunnels has adjusted 
completely to the reduced applied current. Comparison 
with Fig. 3 shows that the time of the potential minimum 
is earlier than 3 ms, the largest pulse time for which no 
constrictions in tunnels were observed. 
These results show that after current steps, the faradaic 
current is temporarily reduced before the surface changes 
resulting in permanent passivation take place. However, 
Alwitt et al. (9) showed that the rates of both anodic metal 
dissolution and cathodic hydrogen evolution are signifi- 
cant during tunnel etching. It is not clear whether the re- 
duction in faradaic current at the potential minimum was 
achieved through a decrease in the rate of anodic metal 
dissolution or an increase in the rate of cathodic hydrogen 
evolution. The latter eaction can take place away from the 
dissolving surfaces in tunnels, so an increased rate of hy- 
drogen evolution would not necessarily be relevant to the 
passivation mechanism. 
Current cycling experiments.--Experiments wi h rapid 
cycling of the applied current were carried out to deter- 
mine which of the two faradaic reactions responds to rapid 
current modulation. In each current cycle period, the ap- 
plied current was held at 200 mA for 2 ms, and then was re- 
duced by 70% to a value of 60 mA for 2 ms. Current cycling 
was initiated after a time of 2s at a constant current of 
200 mA, and was continued for the remainder to the etch 
time, at least 10s; the time of 2s at 200 mA allowed growth 
of tunnels to initiate. The period of 2 ms at the reduced 
current in a current cycle is much larger than the time of 
the potential minimum after single current steps, which 
was 130 us. Thus, it was expected that variations of the 
current during cycling would be supplied through 
changes in the faradaic current from the A1 foil. If the 
faradaic urrent was periodically adjusted by changing the 
rate of metal dissolution, the weight loss during etching 
would be affected by cycling. Thus, after the current cy- 
cling experiments, the weight losses from the electrodes 
were determined. 
Figure 6 shows scanning electron micrographs of repli- 
cas of etched surfaces after experiments both with and 
without current cycling, but otherwise under the same 
conditions. The shapes and surface distribution of tunnels 
and etch pits are the same in the two cases. Thus, the peri- 
odic variation of current during cycling is not supplied by 
repeated nucleation and passivation of etch pits and tun- 
nels; instead, tunnel growth is continuous during the ap- 
plied current modulation. Continuous t nnel growth is 
reasonable since Fig. 3 shows that, in single current pulse 
experiments, a 70% current reduction for a pulse time of 
2 ms did not induce permanent passivation i  tunnels. 
The weight loss from A1 foils, in experiments with and 
without current cycling, is shown in Fig. 7. The weight loss 
in both cases increases linearly with etch time, and the 
weight loss in constant current experiments is clearly 
larger than in cycling experiments. A 35% smaller charge 
per unit time was applied in cycling experiments as com- 
pared to constant current experiments. The solid lines in 
the figure are the calculated weight losses, assuming the 
same constant current efficiency of 124.0% for metal disso- 
lution for both types of experiments. This value of the cur- 
rent efficiency was chosen to fit the weight loss data for 
constant current experiments; current efficiencies of 110- 
115% during tunnel etching were reported by Alwitt et al. 
(9). The good agreement between the calculated and meas- 
ured weight losses in cycling experiments indicates that 
the reduced charge per unit time during cycling is sup- 
plied by a decreased average rate of anodic metal dissolu- 
tion, and not by an increased rate of cathodic hydrogen 
evolution. 
Average tunnel growth rates were determined from the 
lengths of tunnels measured after the experiments in 
Fig. 6. The average growth velocity for 15 tunnels in cur- 
rent cycling experiments (Fig. 6b) was 1.25 ~m/s, as com- 
pared to the average growth velocity of 2.04 ~m/s for 17 
tunnels measured in constant current experiments under 
the same conditions (Fig. 6a). This 39% reduction in tunnel 
growth rate during current cycling is in reasonable agree- 
2_ 
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Fig. 7. Dependence of aluminum weight loss on etch time. 1N HCI, 
65~ electrode area 5.07cm 2. Constant current: 0.20A applied 
throughout etching period. Current cycling: 2s period at constant cur- 
rent 0.2A, followed by repetitive cycling of applied current for remain- 
ing etch time (a single cycle is 2 ms at 0.20A and 2 ms at 0.060A). 
Solid lines are weight losses calculated assuming a constant current ef- 
ficiency of 124.0% for metal dissolution. 
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ment with the 35% reduction i  the applied charge per unit 
time. The reduction in both weight loss and tunnel growth 
velocity support the conclusion that, in cycling experi- 
ments, the electrode current is modulated by variation of 
the metal dissolution rate from the tips of tunnels, without 
permanent passivation of the tip surface. 
The results of current cycling experiments indicate that 
rapid changes in the metal dissolution rate in tunnels 
occur after step changes in applied current. This result 
implies that for the current s ep experiment in Fig. 4a and 
5, the metal dissolution current on the tunnel tip is re- 
duced by 70% at a time of 0.13 ms after the step, before sur- 
face changes resulting in permanent passivation take 
place. The effects accompanying this rapid reduction in 
dissolution current are reversible, since there is no altera- 
tion of either the tunnel width or tunnel ength if the ap- 
plied current is returned to its original value within 3 ms 
after the current step. Even in current step experiments, 
where the applied current is maintained at the reduced 
value, the reduction in dissolution current following the 
step is temporary: Alwitt et al. (9) reported that after the 
constriction in tunnel width caused by the current step, 
the tunnel growth rate returns to its original constant 
value before the step. 
The reduction of the dissolution current with a decrease 
in potential in step experiments does not indicate a gen- 
eral dependence of the aluminum dissolution current on 
potential. The results of transport model calculations for 
steady tunnel growth showed that the potential t the dis- 
solving tunnel tip surface decreases continuously with 
tunnel ength, due to he increase of solution phase trans- 
port resistance with increasing tunnel ength (11). For ex- 
ample, for tunnels at 70~ the predicted potential (vs. a 
Ag/AgC1 electrode at the tunnel tip) decreases by 25 mV 
while the tunnel grows to a length of about 20 ~m [see 
Fig. 10 in Ref. (11)]. Despite the decreasing electrode po- 
tential at the tunnel tip, the tunnel growth rate measure- 
ments in Ref. (13) indicate that the dissolution current den- 
sity remains constant. Thus, the variation of dissolution 
current with potential is associated not with steady tunnel 
growth, but with transient phenomena which precede 
rapid passivation i current step experiments. 
Potential transient amplitude.--In this section, the po- 
tential transients are analyzed to determine the potential 
change at the metal surface which accompanies passiva- 
tion. The amplitude of the potential transient is considered 
as two sequential potential decreases, hE1 and AE2 (Fig. 4). 
AEI is the difference between the initial potential and the 
steady-state potential after the transient, and hE2 is the dif- 
ference between the steady-state potential and the mini- 
mum potential. AE~ and hE2 are considered separately in 
the following discussion. 
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Fig. 8. Variation of potential drop AE 1 in current step experiments 
with change in applied current density and conductivity of etchant solu- 
tion. Etch time 50 ms, initiol applied current densities 
12.9-200 mA/cm 2, current reductions 10-60%. 1-9N AICI 3 and 0.1-1N 
HCI etchant solutions. 
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Figure 8 shows the dependence of AE~ on the parameter 
(ial-i~)/K. In obtaining the results shown in Fig. 8, experi- 
ments were carried out using values of ial from 12.9 to 
200 mA/cm 2, and current reductions between 10 and 60%. 
The etchant solution conductivity was also varied between 
0.06 and 0.5 (gt-cm) -1 by performing experiments in HC1 
and A1C13 solutions of various concentrations. Figure 8 in- 
dicates that a linear relationship is followed for all experi- 
mental conditions: AE1 = (1.15 cm)(ial-ia2)/K. This relation- 
ship can be rearranged to obtain an equation for the 
inverse slope of the steady-state current-potential curve: 
K(dE/dI) = (1.15 cm)/A = 0.227 cm -1. 
This result can be compared to the current-potential re- 
lation that would be predicted if the steady-state current is 
controlled by the ohmic resistance of the bulk solution. 
For the primary current distribution, the resistance of a 
disk electrode with a counterelectrode at infinity is given 
by KRa = 1/(4ro) (16). Using ro = 1.27 cm, the radius of the 
window in the glass electrode holder, KRa is 0.197 cm -~ for 
the disk electrode. KR~ is 13% smaller than the experimen- 
tal value of K(dE/dI). The increased resistance of the etch- 
ing cell relative to the disk electrode can be attributed to 
the recessed A1 electrode and the close proximity of the 
counterelectrode (about one window diameter). It is con- 
cluded that AE1 is a change in the ohmic potential drop in 
the bulk solution due to the reduction in current flow to 
the counterelectrode. 
The remaining potential drop AE2 in step experiments is 
associated with overpotentials of individual pits or tun- 
nels. AE2 may be a combination ofchanges in the potential 
drop in the soluton i pits and tunnels, and changes in the 
potential at the metal surface. In order to identify a possi- 
ble surface potential driving force during passivation, the 
contribution of transport to hE2 must be evaluated. Solu- 
tion phase transport processes in tunnels after current step 
reductions were modeled in Ref. (11). In this model it is as- 
sumed that the potential at the metal surface was always at 
the repassivation potential, so the predicted potential tran- 
sients reflect only changes in the potential drop in solution 
in the tunnel due to the current s ep. The model transients 
was initiated by a step reduction in the faradaic current at 
the tunnel tip. The step reduction in the current in tunnels 
were followed by an abrupt drop in the predicted poten- 
tial, caused by the reduced ohmic potential drop in the 
tunnel. Therefore, the contribution of transport processes 
to the experimental potential transient amplitude AE2 is 
through changes in the ohmic potential drop for individual 
tunnels. 
The effect of solution ohmic resistance in tunnels on hE2 
is evaluated in Fig. 9 and 10. Figure 9 shows the experi- 
mentally determined effect of the tunnel ohmic resistance 
on hE2. Values of AEz for 40% current step reductions at 
<lo~ - 
(5 
o 
v.t (,~m) 
Fig. 9. Variation of potential drop AE 2 in current step experiments 
with etch time before current step. v is tunnel growth velocity. Solid 
line represents ohmic contribution to AE 2. 40% current reductions. 
Etchant solution 1N HCI, applied current density 60 mA/cm 2, tempera- 
ture 65~ 
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Fig. 10. Variation of potential drop AE2 in current step experiments 
with conductivity of etchant solution. Etch time 50 ms, 40% current re- 
duction. 1-9N AICI3 and 0.1-1M HCI etchant solutions. Applied current 
density 12.9 mA/cm 2. 
of bulk solution conductivity. Because of the higher con- 
centration in the pit relative to the bulk solution, the con- 
ductivity in the pit would be displaced from that of the 
etchant solution (22), but there should still be significant 
variation of the pit conductivity as the A1C13 concentration 
varies from 1 to 9N. The absence of dependence of AE2 on 
solution conductivity thus indicates that this potential 
drop is not due to an ohmic resistance. It is concluded that 
hE2 is a reduction in the potential at the metal surface pre- 
ceding passivation. Also, since, if bubbles were present, 
the effect of solution conductivity on hE2 would be notice- 
able, Fig. 10 further shows that there are no such obstruc- 
tions in the pits. For the same reason, Fig. 10 indicates that 
the pit current density is not appreciably higher than the 
value of 6A/cm 2 determined by Wiersma and Hebert (15). 
The dependence of AE2 on the percent current reduction 
and the initial current level in current step experiments 
are shown in Fig. 11. The results show that hE2 is approxi- 
mately linear in the percent current reduction. Figure 11 
indicates an approximately linear relation between the 
faradalc urrent and surface potential 
i - i011 + k(E - Eo)] [2] 
various etch times are plotted. The abscissa is vt, where v, 
the tunnel growth velocity, is 2.1 ~m/s. This value was ob- 
tained using the superimposed actechnique of Hebert and 
Alkire (13); no variation of the growth velocity with tunnel 
length was detected. Results for small etch pits and for 
tunnels are shown. The slope of the line drawn in the fig- 
ure is 0.4id/K, where ia, the tunnel current density, is 
6.1 A/cm 2, and K is 0.1 (gt-cm) -1, a representative conductiv- 
ity for the solution in the tunnel (17). This line represents 
the expected contribution of ohmic potential drop in tun- 
nels to AEm Figure 9 shows that the variation of hE2 with 
tunnel ength can be attributed to the ohmic resistance of 
tunnels. The intercept is hE2 for the small etch pits present 
at early times, and is also a contribution to AE2 for tunnels 
which is independent oftunnel ength. 
The intercept in Fig. 9 is now compared to the expected 
ohmic potential drop in pits. The magnitude of the ohmic 
potential drop for small cubic etch pits is estimated using a 
solution of Laplace's equation for a hemispherical pit with 
uniform current density, on an insulating plane (18). This 
calculation includes the resistance of the solution outside 
the pit. The ohmic potential drop is given by 
~p = (3rid)/K [1] 
Pit size distributions were measured by Wiersma and He- 
bert (15) for anodic etching in 1N HC1 at 65~ at etch times 
less than 100 ms. The root mean square pit depth was 
0.20 i~m. Also, these authors concluded that the current 
density in these pits was about 6 A/cm ~, the same as in tun- 
nels at these etching conditions. With r = 0.2 ~m, 
id = 6 A/cm 2, and K = 0.5 (~-cm) -1 for 1N HC1 at 65~ (19), 
~,p is about 0.7 mV, which is much smaller than the inter- 
cept in Fig. 9. 
On the other hand, if there are obstructions such as gas 
bubbles in pits, the ohmic potential drop could be much 
larger than indicated by Eq. [1]. According to Pickering 
and Frankenthal (20), large potential drops in pits are 
caused by gas bubbles within the pits. Sides and Tobias 
(21) showed that when a layer of bubbles is present on an 
electrode surface the ohmic potential drop to the electrode 
is increased by a factor of five; the ohmic drop due to the 
bubbles is inversely proportional to the conductivity of the 
solution around the bubbles. The ohmic potential drop 
could also be greater than that calculated above if the dis- 
solution current density is much larger than the value of 
6 A/cm 2 obtained by Wiersma and Hebert. In this case, the 
ohmic potential drop for the pit would also be inversely 
proportional to the solution conductivity. 
The dependence of hEz on etchant solution conductivity 
for small pits is shown in Fig. 10. The conductivity varia- 
tion in the figure is for 0.1-1.0M HC1 solutions and 1-9N 
A1C13 solutions. The figure shows that AE2 is independent 
i and io in Eq. [2] are average faradaic urrent densities on 
the corroding surface, referred to the total active area be- 
fore passivation. AE2 should not depend on applied current 
because it is a potential change associated with individual 
pits. However, hE2 values for the three larger applied cur- 
rent densities fall on a line with a 30% higher slope than for 
the applied current density of 12.9 mA/cm ~. It is shown in 
the next section that at the lower applied currents the po- 
tential decreases to the minimum potential much more 
slowly than at the high currents. It is possible that for the 
low currents, processes which operate at long times cause 
the smaller value of k. 
Figure 11 shows that AE2 is a change in the potential at 
the metal surface which is associated with a rapid reduc- 
tion in the metal dissolution current on the corroding sur- 
face preceding passivation. But hE2 is Eo - Emin, where Eo 
is the steady-state potential after the transient, and Emin is 
the minimum potential (see Fig. 4). The repassivation po- 
tential is usually measured by extrapolating the steady- 
state current-potential curve in the pitting region to zero 
current (23). But in the present work, the current-potential 
curve during pitting is determined by bulk solution ohmic 
resistance. Thus, the potential obtained by extrapolation 
of the steady-state current-potential curve to zero current 
is also the potential at the metal surface during etching. 
For this reason, the repassivation potential is also the po- 
tential at the surface at steady state; that is, the surface po- 
tential when the measured potential is Eo. Emin differs from 
d 
S ~ 
L2 
d 
o 
o 
{5 
• 
9 12.9 mA/cm 2 f 
9 60 rnA/crn 2 J 9 
+ 100 mA/cm 2 ~ /  
10 20 50 40 50 
Percent Current Reduction 
Fig. 1 i. Variation of potential drop AE2 in current step experiments 
with initial applied current density and percent current reduction. Solid 
lines are determined by linear regression of data for 12.9 mA/cm 2, and 
for the other three current densities. Etch time 50 ms, etchant solution 
1N HCI. 
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the potential at the surface at the time of minimum by the ~- 
same constant bulk solution ohmic potential drop as that ~o 
present after the transient. Therefore, hE2 is equal to the 
surface overpotential relative to the repassivation poten- x 
tial. It is concluded that the driving force for the changes 
in metal dissolution current before passivation s cathodic "~o 
overpotential relative to the repassivation potential at the ~ 
o metal surface. 
Kinetics of reduction of faradaic  current.--In this sec- ~, 
tion processes which determine the time dependence of, q) 
the potential decrease to the minimum potential are dis- ~ ~_ 
cussed. A simple model for the potential decrease from Eo -6 
to Emm was formulated which considers that the time varia- 
tion of potential is controlled by capacitive discharging, c v 
This assumption implies that as the potential decreases o 
• through AE2, the faradaic current adjusts immediately at "~o 
every potential to the value given by Eq. [2]; there is no 
delay associated with kinetic processes on the surface. For 
example, rapid a justment of the surface tonew composi- 
tions, without kinetic activation, is associated with ad- 
sorption phenomena (24). 
The differential equation describing the decrease of the 
potential from Eo to EmJn is 
+ 40% 
~ 50% 
/ ~ 60% 
5'0 1(30 150 200 
Applied Current Density (mA/cm 2) 
377 
i~2 = Cd dE/dt + (ntApiJe)[1 + k(E - Eo)] [3] 
Equation [3] is a current balance; the first term of the right 
is the capacitive charging current, and the second term on 
the right is the metal dissolution current from pits. The 
dissolution current erm contains the dependence of cur- 
rent on potential indicated in Eq. [2]. The factor (ntApio/e) is 
also the applied current before the step, i, r Equation [3] as- 
sumes that the potential derivative on the surface being 
discharged is the same as the derivative of the experimen- 
tally measured potential. This assumption is reasonable 
for surfaces containing only small etch pits, because the 
calculation and discussion following Eq. [1] show that the 
potential drop associated with these pits is on the order of 
1 mV, and thus variations of the potential along the etched 
surface are small. The initial condition for Eq. [3] is that 
E = Eo when t = 0, the time of the current s ep. 
The solution to Eq. [3] is 
(Emin - E)/(Emin - Eo) = exp [-(i~lk/Cd)t] [4] 
In writing Eq. [4], it is assumed that the potential at infinite 
time predicted by the model is the same as the potential at 
the minimum of the transient, E=~,. This assumption 
implies that the electrode surface is completely dis- 
charged, before the initiation of the processes which cause 
the potential to increase after the minimum. The depend- 
250 
ence of the dimensionless potential in Eq. [4] on time is 
shown in Fig. 12. The exponential decay predicted by 
O 
0_ 
c- 
o 
c- 
E 
b 
- 1'o 2'o 3'0 4'0 
Time (~s) 
Fig. 12. Exponential decay of dimensionless potential after step re- 
duction in current. Initial applied current density 60 mA/cm 2. Origin of 
the time scale at the step time. Current reductions: 10, 25, 40, and 
50%. Etch time 50 ms, etchant solution 1N HCI. 
9 This Work 
9 Hebert ond Alkire 
~ $ $ 1'0 1'2 1'4 
v.t (;~m) 
Fig. 14. Dependence of exponential decay slope St for potential tran- 
sients on etch time at the step. v is tunnel growth velocity. Solid line 
represents solution diffusion contribution to relaxation time. 40% cur- 
rent reductions. Etchant solution 1N HCI, applied current density 
60 mA/cm 2, temperature 65~ for this work; 1N AICI3, 10 mA/cm 2, 
70~ from Hebert and Alkire (11). 
Eq. [4] is followed, and there is no dependence on the per- 
cent current reduction. 
Figure 13 shows the dependence of the exponential 
decay slope on initial current, as well as the predicted 
decay slope from Eq. [4]. k was taken as 5.98 V -1 from 
Fig. 11. The surface capacitance was taken from previous 
measurements during anodic etching experiments at65~ 
in 1N HC1 solution, using the foil samples from this work 
(15). The average capacitance was 11.6 ~F/cm 2, and no sig- 
nificant variation with potential w s detected. While the 
results in Fig. 13 are scattered, it shows that, as predicted 
by Eq. [4], the exponential decay slope depends on initial 
applied current but not on percent current reduction. For 
high applied currents, the relative error between the ex- 
perimental nd theoretical s opes is smaller than at low ap- 
plied currents. It is concluded that, despite the simplicity 
of the model, Eq. [4] gives a reasonable prediction of the 
experimental potential decrease to the minimum. This 
agreement supports the assumption that the surface 
changes which produce the variation of faradaic current 
with surface potential require no appreciable kinetic acti- 
vation, so the current responds immediately to changes in 
surface potential. 
Potential relaxation to steady state.--Figure 14 shows 
the dependence of the time for potential increase from Emin 
to Eo on etch time, for 40% current reductions. Results 
Fig. 13. Dependence of exponential decay slope on initial applied 
current and percent current reduction. Solid line is theoretical slope 
calculated from Eq. [4] with Cd = 11.6 ~F/cm 2, k = 5.98 V -1. Etch 
time 50 ms, etchant solution 1N HCI. 
  ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.186.176.91Downloaded on 2014-02-10 to IP 
378 J. Electrochem. Soc., Vol. 138, No. 2, February 1991 9 The Electrochemical Society, Inc. 
from the present work for small pits (IN HC1 solution) are 
shown along with results for tunnels (IN A1C13 solution) 
from Ref. (11). The ordinate on the figure is St -t~, where S~ 
is the slope of the plot of ln [(E - Eo)/(Emi~ - Eo)] vs. time, at 
times after that of the potential minimum (11). The ab- 
scissa is vt, where v is the tunnel growth velocity, 2.1 ~m/s 
for the foil in this work. The slope of the line drawn in the 
figure is 10-4/(2.4D) 1~2 sl/2/~m. D is the diffusivity of the 
A1CI~ binary electrolyte; Hebert and Alkire (11) modeled 
the solution in the tunnel as a binary A1C13 electrolyte solu- 
tion. The value of the diffusivity in Fig. 14 is 2.1 • 10 5 
cm2/s, which is reasonable for A1C13, since the diffusivity at 
infinite dilution is 2.7 x 10-~cm2/s (11). The model for 
transport in tunnels in Ref. (11) predicted that St -'/2 should 
be directly proportional to tunnel ength: St -1/2 = L/(2.4D) 1~. 
The experimental results in Fig. 14 follow this depend- 
ence, except for a nonzero intercept for zero tunnel ength; 
it is concluded that the potential decay time is partly deter- 
mined by solution diffusion. 
The intercept at zero tunnel ength can be used to deter- 
mine a relaxation time for tunnels which is not affected by 
diffusion. The time for 80% decay of the potential tran- 
sient, determined in this way, is 40 ms. This time is much 
longer than the current pulse time of 12 ms (Fig. 3) for 
complete passivation in 70% current reduction experi- 
ments. Thus, the potential decay time for tunnels is much 
longer than would be expected from solution diffusion in 
combination with the current pulse times for passivation. 
The reason for this extended potential decay time cannot 
be determined at the present ime. 
Figure 14 also shows potential decay slopes for experi- 
ments at early times for which only small etch pits are 
present. A potential transient for these times i shown in 
Fig. 4; for 50 ms etch time, the decay time is about 5 ms. 
This time can be compared to the diffusion time constant 
for small pits, r2/2D. Using 2.1 • 10 -2 cm~-/s for D (see 
above) and 0.2 ~m for r, the time constant is on the order of 
10 -5 s. Therefore solution-phase diffusion does not influ- 
ence the potential relaxation time for small pits; instead, 
the potential decay may be related to passivation kinetics. 
Figure 14 shows that the potential decay times, exclusive 
of diffusion effects, become longer as the etch time in- 
creases, and the primary corrosion structures on the sur- 
face shift from pits to tunnels. This increase in the decay 
times is correlated with the appearance of constrictions in 
micrographs. For the 40% current step reductions, there 
were constrictions in nearly all tunnels on the surface for 
etch times 0.75s (vt = 1.58 ~m) and greater; some constric- 
tions were visible after the 0.5s (vt = 1.05 ~m) etch, and 
there were no constrictions for etch times smaller than 
0.5s. The longer potential decay time for growth times 
greater than 0.5s may be related to the type of passivation 
giving rise to constrictions. 
Conclusions 
Passivation of corroding surfaces in aluminum etch tun- 
nels was observed using scanning electron microscopy. 
Microscopy allowed direct observation of passivation. 
Rapid passivation was induced through step reductions in 
applied current, as well as cathodic urrent pulses. The po- 
tential transients accompanying the experiments were an- 
alyzed to identify the driving force for passivation. After 
step decreases in current, the potential falls rapidly as the 
electrode discharges; the charging time for adjustment of 
the faradaic current o the new applied current is 0.13 ms 
for the experimental conditions of this work. Experiments 
with cycling of the applied current showed that the ad- 
justment of faradaic urrent occurs by reducing the metal 
dissolution rate in tunnels. This reduction of dissolution 
current with decreasing potential is not observed during 
steady tunnel growth; it is associated with transient events 
preceding passivation. The decrease in the dissolution cur- 
rent at the charging time is proportional to the cathodic 
surface overpotential relative to the repassivation po- 
tential. 
The decrease in the dissolution current before passiva- 
tion is reversible, since no change in tunnel width is ob- 
served if the applied current is returned to its original 
value within 3 ms after the step. Current pulse experi- 
ments showed that the surface changes resulting in perma- 
nent passivation occur later than 3 ms after the current 
step reduction. For 70% step current reductions, the sur- 
face changes resulting in passivation are completed after 
12 ms. 
The results imply that at the charging time, the cor- 
roding surface has changed to a state which is a precursor 
to permanent passivation, but this change can be reversed 
by increasing the current. The dependence of this surface 
change on cathodic deviations from the repassivation po- 
tential indicates the importance of this potential for con- 
trolling passivation on the corroding surface. This investi- 
gation has shown that the events during passivation may 
be complex, and more detailed study is necessary before a 
model for passivation is formulated. 
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LIST OF SYMBOLS 
A area of electrode surface, 5.07 cm 2 
A. average active area in pits, cm 2 
C~ differential capacitance ofA1 surface, F/cm 2 
D diffusivity of binary electrolyte, cm2/s 
E potential measured uring etching experiments, V 
Em~n minimum potential in transients, V 
Eo steady-state potential after current step transients, 
V 
i average faradaic urrent density in pit or tunnel, re- 
ferred to active area, A/cm 2 
ial applied current density before step change in cur- 
rent, h]cm 2 
ia2 applied current density after step change in cur- 
rent, A/cm 2 
id metal dissolution current density in pits or tunnels, 
A/cm 2 
io average faradaic urrent density in pit or tunnel, at 
potential Eo, ~ referred to active area, A/cm 2 
k proportionality constant between (E-Eo) and frac- 
tional reduction in metal dissolution current den- 
sity, V -l 
L tunnel ength, cm 
nt surface density of pits and tunnels, cm -2 
Ra ohmic resistance, gt 
r pit depth, cm 
ro radius of disk electrode, cm 
St slope of logarithm of potential vs. time during po- 
tential relaxation after current step, s -1 
t time, s 
hE, discontinuous potential change after current steps, 
V 
hE2 total potential drop in potential transients, in ex- 
cess of the initial discontinuous potential change, V
e current efficiency for metal dissolution 
K solution conductivity, (~-cm) -1 
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Nonuniform Distribution of Current and Potential on AI 
Specimens Polarized in NaOH 
D. Remppel *,1 and H. E. Exner 
Max-Planck-Institut fiir Metallforschung, Institut fiir Werkstoffwissenschaften, Stuttgart, Germany 
ABSTRACT 
In an earlier paper (6) we have presented evidence of the nonuniform distribution of current and potential on A1Sn 
specimens polarized in NaOH. By combining microscopic observations and electrochemical measurements wehave pre- 
viously concluded inferentially that local potentials on polarized electrodes can differ substantially (several hundred mV) 
between the center and the edge of a specimen. In this paper we were able to prove experimentally that such nonuniform 
distributions ofthe potential and the current do exist. Results of potentiostatic and potentiodynamic experiments with A1 
in 0.1M NaOH are presented. The potential differences between center and edge were found to be influenced by the geom- 
etry of the specimen. This dependency in return influences the integral current and hence the shape of current density/ 
potential plots in an unpredictable way. A particular specimen arrangement i  conjunction with a low impedance measur- 
ing device for divided currents added to a conventional potentiostat is proposed to eliminate he distorting effects on elec- 
trochemical measurements caused by the nonuniform potential distribution. 
In analogy to heat conduction, Newman (1) has calcu- 
lated the theoretical or primary distribution of the current 
flow to a circular electrode. The current density (CD) is 
shown to increase with increasing lateral distance from the 
center of the disk and to approach infinite values at the 
edge. Because of the polarization of the specimen and the 
restriction in mass transfer caused by convection and dif- 
fusion, the CD will be limited to finite values at the edge. 
The resulting secondary current distribution is a compli- 
cated function of the electrochemical behavior of the sys- 
tem under investigation and the geometrical environment 
of the cell. It can, at best, be predicted semiquantitatively 
if the potential/current density curve (E/i curve) is known. 
To quantitatively assess the extent ofthis nonuniform dis- 
tribution experimental techniques must be employed. 
The extent of such secondary current and potential dis- 
tributions and the influence on electrochemical reactions 
has been investigated earlier. Miller and Bellavance (2) 
have employed several techniques to assess the current 
distribution at rotating ring disk electrodes (RRDE) and 
have found quantitative agreement with the predictions of 
Newman (3). They also report of collection efficiencies at 
RRDE to be in qualitative agreement with the expected 
current distribution. Baizer et al. (4) report he nonuniform 
potential distribution at the cathode to be a potential prob- 
lem in the reductive coupling of activated olefins. Compet- 
ing reduction reactions can take place simultaneously on
the electrode because their potentials are less than 200 mV 
apart. Using a multi-Luggin probe arrangement, Mears 
and Rothwell (5) have found that electrode geometry 
strongly influences the potential distribution on the anode. 
In an earlier paper (6) we have shown ring-shaped struc- 
tures that develop visibly on the surface of heterogeneous 
alloys of Al-10 volume percent (v/o) Sn in 0.1M NaOH and a 
technical aluminum bronze in 0.05M NaC1, which are due 
to the nonuniform potential distribution. In the paper pre- 
sented here we have investigated experimentally the de- 
gree of the nonuniform distribution of the CD and the po- 
tential on pure aluminum electrodes in sodium hydroxide 
* Electrochemical Society Active Member. 
1 Present address: Remppel Research & Technologies, Canmore, 
Alberta, Canada T0L 0M0. 
solutions. These nonuniformities in return have an influ- 
ence on the shape of conventionally obtained E/i curves. 
Experimental  
Aluminum [99.99 weight percent (w/o), major impurities 
Fe, Si, and Cu] was melted under vacuum in an induction 
furnace and cast into a graphite crucible. Samples approx- 
imately 25 mm long with various cross sections (Fig. 1) 
were machined from the ingot and embedded in resin. The 
surfaces of the specimens were finished by polishing with 
3 ~m diamond paste. To make possible s parate measure- 
ments of the current passing through the inner and outer 
portion of a circular specimen, a hollow cylinder and a 
core (Fig. lh and 2) were electrically isolated from each 
other by a layer of resin and had separate lectrical con- 
duits. An electronic device to measure parallel partial cur- 
rents designed by Fa. Jaissle Elektronik, Waiblingen 
(Germany) was added to the standard Model 60-TB 
potentiostat of this company (schematic, Fig. 3). Because 
of its low entrance resistance of < 10-412 the measurements 
00000 
OOQ@ 
f g h i 
Fig. 1. Geometry and arrangement of specimens. (a) to (g): diameter: 
1.1, 5, 8, 11.3, 13.8, 16, 17.8mm (1, 20, 50, 100, 150, 200, 
250 mm~); (h): divided specimen: 17.8 mm od and 6 mm id for the ring 
and 5 mm od for the center (cross section see Fig. 2); (i) rectangular 
shape of 17.8 x 4.5 mm. 
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